Laser-mediated nanosurgery has become popular in the last decade because of the previously unexplored possibility of ablating biological material inside living cells with sub-micrometer precision. A number of publications have shown the potential applications of this technique, ranging from the dissection of sub-cellular structures to surgical ablations of whole cells or tissues in model systems such as Drosophila melanogaster or Danio rerio . In parallel, the recent development of micropatterning techniques has given cell biologists the possibility to shape cells and reproducibly organize the intracellular space. The integration of these two techniques has only recently started yet their combination has proven to be very interesting. The aim of this review is to present recent applications of laser nanosurgery in cell biology and to discuss the possible developments of this approach, particularly in combination with micropattern-mediated endomembrane organization.
Introduction
Soon after their development in the early 1960s, lasers were used to micro-irradiate living biological samples such as stained chromosomes in order to produce precisely localized damage (Amy and Storb , 1965 ; Berns et al. , 1969 ) . This application is today called laser nanosurgery if the induced effect is within the diffraction limited focus volume in the sub-micrometer range. This high precision allows one to confi ne the site of damage to a selected intracellular target. The technique is therefore suitable for organelle ablations, induction of chromatin double strand breaks or dissection of single cytoskeleton elements as will be discussed in this review. The possibility to operate at the subcellular level without compromising cell viability distinguishes it from classical microdissection techniques. In these experiments, micromanipulation needles are used to divide cells (Poste , 1973 ; Maniotis and Schliwa , 1991 ; Pelletier et al. , 2000 ) but due to the physical barrier represented by the plasma membrane operations at the subcellular level are not possible. Laser capture microdissection, another laser-based dissection technique, was later developed to isolate and collect groups of cells from cell cultures or tissue samples using a laser beam (reviewed in Sch ü tze et al., 1998 ). Although it represents an ideal solution for surgical applications on larger scales, it has not been used for subcellular operations, which are the main focus of this review.
Principles of laser nanosurgery
Focused intense light can be used to selectively alter or destroy parts of a specimen. For laser nanosurgery, a suitable laser (see laser sources below) is focused into a diffractionlimited spot to reach a suffi cient energy density. To treat a larger volume, the laser spot is moved across the region of interest. It is not yet completely understood how microablations are induced but depending on experimental conditions different mechanisms have been proposed: disruptions due to localized heating (Stevenson et al. , i) 2010 ) photoablation, with photons reaching energy levels to ii) break chemical bonds (Srinivasan , 1986 ) plasma-induced ablation in which ionization is reached iii)
by suffi ciently high local energy levels (Noack and Vogel , 1999 ) creation of free electrons below plasma formation threshiv)
old (Vogel et al. , 2008 ) .
Technical aspects
Laser sources, microscope setups and sample properties strongly infl uence the experimental conditions of laser nanosurgery and will be discussed in detail in this section. In general potential users of the laser nanosurgery method have to keep in mind that the suitability of a certain kind of laser and setup for nanosurgery largely depends on the application, although some general rules have to be considered.
Laser sources
The core component of nanosurgery setup is the manipulation laser. Important laser properties are the emission wavelength and the operation mode. Lasers can be designed to operate in a continuous wave (CW) mode with constant light output over time or in pulsed mode where the energy is compressed into short intense pulses.
Laser wavelength i)
Today a variety of lasers are available with appropriate specifi cations for nanosurgery ranging from UV to near infrared lasers (Table 1 ). The focus volume and thus the treated volume in the sample directly depends on the wavelength. Shorter wavelength leads to smaller focus volumes and so UV light is well suited for high precision nanosurgery (Vogel et al. , 2008 ) . However, UV-B and UV-C ( λ = 100-315 nm) are strongly absorbed by DNA and other biomolecules and thus are likely to cause unnecessary sample damage (Stein et al. , 1989 ; Kielbassa et al. , 1997 ) .
In addition, laser light in this wavelength regime requires special and expensive optics. Lasers working in the UV-A range ( λ = 315-400 nm) are a very good compromise to perform high precision laser nanosurgery on biological samples without causing too much sample damage outside the focus volume (Lehmann et al. , 1998 ) . Visible and infrared light is less absorbed and scattered by biological samples and causes lower phototoxicity. Therefore this wavelength range is particularly suited for nanosurgery deeper inside tissues or for very lightsensitive biological samples (Xu et al. , 1996 ; Kohli and Elezzabi , 2009 ). Laser operation mode: CW vs. pulsed lasers ii)
For imaging purposes, CW-lasers with constant emission intensity are usually used. High power lasers and lasers with emission in the UV-range can supply suffi cient energy in the focus volume for some nanosurgery applications. Indeed, some early nanosurgery experiments have been performed with high power CW-lasers (Amy and Storb , 1965 ) and they are still used for optical transfection (Stevenson et al. , 2010 ) . The mechanism of CW-based manipulations is thought to depend mostly on local heating and often fl uorophores are needed to sensitize the structure of interest (Vogel et al. , 2005 ) . Very powerful CW-lasers are needed to reach suffi cient energy levels for nanosurgery.
Higher intensity levels can be reached with pulsed lasers. These sources emit light doses compressed into very short and intense pulses. Focusing pulsed lasers into a diffraction limited spot can induce plasma formation and this leads to ablation confi ned to the volume of the induced plasma. This option is very attractive for use on biological samples because no staining of the structure of interest is needed to target it (see below).
The following parameters characterize pulsed laser:
Pulse duration: Nanosecond (ns) to femsotsecond (fs) • durations are often used for nanosurgery experiments, with a clear tendency to shorter pulses. The energy needed to induce ablation is proportional to the square root of the pulse duration, thus the shorter the pulse the less energy is needed (Stern et al. , 1989 ) . In practice, pulse durations of one nanosecond or below are suitable for precise laser nanosurgery experiments (Konig et al. , 1999 ; Colombelli et al. , 2004 ; Heisterkamp et al. , 2005 ) . Energy per pulse: This value defi nes how much ener-• gy is contained in a light pulse. The energy needed to cross the ablation threshold depends on the wavelength as well as the duration of the pulses. If fs-lasers are applied, usually only a few nJ are suffi cient, whereas up to hundreds of µ J can be required for nanosecond pulses (Vogel et al. , 2005 ) . Repetition rate: The repetition rate is the frequency • of emitted pulses. The lasers used for nanosurgery (Colombelli et al. , 2005 ) or few to 10 000 pulses per spot (Botvinick et al., 2004 ; Kuetemeyer et al. , 2010 ) .
Pulsed lasers suitable for nanosurgery range from diode lasers (Raabe et al. , 2009 ) over frequency-doubled (532 nm) or tripled (355 nm) Nd:YAG lasers (Colombelli et al. , 2004 ; Caussinus et al., 2008; Solon et al. , 2009 ) to mode-locked Ti:Sa lasers, which are also used for two-photon microscopy ( Table 1 ; Konig et al. , 1999 ; Heisterkamp et al. , 2005 ; Kohli and Elezzabi , 2009 ) .
Pulsed diode lasers are relatively cheap and available from UV to infrared (e.g., by Picoquant, Berlin, Germany). They usually guarantee a high repetition rate with pulse durations in the ps-range but relatively low pulse energy. To achieve nanosurgery effects a high number of pulses usually has to be used with this laser option (Raabe et al. , 2009 ; Tinevez et al. , 2009 ) .
Nd:YAG lasers offer relatively high pulse energy at repetition rates in the KHz to tens of MHz range (Botvinick et al. , 2004 ; Colombelli et al. , 2005 ; Solon et al. , 2009 ). Frequencytripled (355 nm) Nd:YAG laser are suited for precise nanosurgery but are potentially more phototoxic and they need optimized optics. Frequency-doubled Nd:YAG laser are less phototoxic and can be used with conventional optics. The wavelength of 532 nm makes GFP excitation more diffi cult (depending on the setup) but is absorbed effi ciently by YFP.
Ti:Sa lasers are the most common sources of fs-pulses for nanosurgery experiments. They emit in the near infrared region, which allows three-dimensional confi ned microablation deeper inside the specimen. The threshold to induce plasma is very low for fs-pulses and therefore these sources are becoming more popular for nanosurgery applications. However, Ti:Sa laser are very expensive and special optics can be required for the infrared light.
Finally, independent of the laser source used it has to be considered that to confi ne the microablation to the focus volume with these powerful beams, the deposited energy must be well controlled in order to keep mechanical side effects such as super sonic shockwaves and cavitation as small as possible (Vogel et al. , 1996 ; Noack and Vogel , 1999 ; Niemz , 2002 ; Vogel et al. , 2005 ; Kohli and Elezzabi , 2009 ).
Laser nanosurgery setups
The fi rst laser ablation experiments were carried out with lasers mounted on widefi eld microscopes (Amy and Storb , 1965 ; Berns et al. , 1969 ) . However, modern applications in cell and developmental biology often require more advanced microscopy methods. In this section we will discuss microscopy setups that are currently used for nanosurgery experiments.
Combination with advanced imaging techniques i)
The main developments in this fi eld led to the possibility of combining high-end imaging solutions with the pulsed lasers required for nanosurgery. Indeed, for some experiments optical slicing is essential to visualize the effects of laser nanosurgery. This can be accomplished by implementing pulsed lasers on a confocal microscope (Solon et al. , 2009 ) or a selective plane illumination microscope (SPIM) (Engelbrecht et al. , 2007 ) . Another interesting solution is the use of two-photon laser scanning microscopes (Denk et al. , 1990 ) that already rely on pulsed near-infrared lasers for optical slicing. It is therefore possible to use this equipment to combine laser nanosurgery and imaging if the available two-photon laser is powerful enough (Konig et al. , 1999 ; Heisterkamp et al. , 2005 ) . In a nanosurgery experiment, another challenge for the imaging equipment is the need to observe very fast responses after laser manipulations, which poses the crucial problem of limiting the switching time between ablation and imaging. This is optimally solved if the laser nanosurgery scanner can be controlled independently during the imaging mode. Examples of commercially available solutions are confocal microscopes Olympus FV1000 SIM (Raabe et al. , 2009 ; Solon et al. , 2009 ) and Zeiss LSM Duo. In these systems a second scanner is available for photoperturbations (nanosurgery with appropriate laser sources) while the fi rst scanner is continuously imaging. Alternatively, scanning systems such as the UGA-40 scanner (Rapp OptoElectronic, Hamburg, Germany) can be integrated in spinning disk or widefi eld microscopes. Fixed vs. scanned dissection laser ii)
As discussed previously, the aim of laser nanosurgery experiments is to create damage confi ned to selected parts of a specimen. Focusing the manipulation laser onto the sample induces effects in a very small volume. If a larger area has to be treated, either the sample or the laser beam has to be moved. Moving the sample has two disadvantages. Firstly, it is usually slow due to the need to limit sample acceleration in order to avoid its detachment from the substrate and secondly, not very precise because of the limited repositioning accuracy of motorized XY stages. In contrast, moving the laser spot with a galvo scanner along user defi ned regions of interest (ROI) is more fl exible, fast and accurate. Nowadays, this latter solution is implemented in most nanosurgery devices. The speed of a galvo scanner-based nanosurgery device is limited by the time needed to deposit suffi cient energy per focus spot suffi cient to perturb the structures of interest. Super-resolution and improvement of ablation precision iii)
Applying very short laser pulses in the fs-range leads to much lower ablation thresholds (ps: 70-140 nJ; fs: < 10 nJ). This is caused by non-linear effects during multiphoton absorption that decrease the ablation volume below the diffraction limit (Vogel et al. , 2005 ) . More recently, it has been reported that super-resolved nearinfrared ablation beams (Pospiech et al. , 2011 ) reach high ablation precision, similar to those achieved with the use of UV lasers but are capable of lower sample damage.
Sample properties
Heterogeneity of biological samples and intracellular i) components When approaching subcellular applications of laser nanosurgery it is necessary to consider the heterogeneity of the intracellular components and to face the problem of different energy levels that have to be applied to damage or ablate them. Furthermore, in different studies various laser sources have been used to operate laser nanosurgery, which resulted in different energy needed to ablate even the same structures. Parameters such as pulse energy and duration, repetition rate and wavelength of the laser are crucial and determine the total energy deposited on the sample. Although a comprehensive quantifi cation of the energy needed to ablate the different subcellular targets is still missing, it is clear that susceptibility to the plasma created by pulsed lasers differs between organelles and structures (energy needed to ablate various organelles in several studies have been summarized in Colombelli et al. , 2007 ) .
Labeling of the structures of interest ii)
With the availability of fl uorescent proteins (FPs) it has become relatively easy to highlight proteins or structures of interest in living cells. This enables researchers to visualize and ablate objects that are even smaller that the diffraction limit if the laser is targeted to the fl uorescent signal. The fl uorescent label can decrease the plasma formation threshold if it absorbs the ablation laser light effi ciently (Botvinick et al. , 2004 ; Raabe et al., 2009 ). Therefore, even more precise nanosurgery results are achievable labeling the structures of interest with the right fl uorophore (Botvinick et al. , 2004 ) . This seems to be true also for cellular molecules naturally absorbing the manipulation laser light (e.g. NADH; Hutson and Ma, 2007) .
Laser nanosurgery applications in cell biology
Many interesting fi ndings have been generated using laser nanosurgery in model systems such as Caenorhabditis elegans, Drosophila melanogaster and Danio rerio (Kohli and Elezzabi , 2009 ) . Our aim here is to summarize the most recent applications of the technique at the subcellular level and to discuss possible future developments that could help cell biologists in deciphering important aspects of the organization of the intracellular space. The cytoplasm is a well-organized environment where the organelles and the cytoskeleton are mutually interacting to form a complex and very crowded space. Such a fi ne organization and the interdependence of different cell components in the cytoplasm require investigation with very precise techniques that operate at the sub-micrometer scale. Laser nanosurgery appears to meet these requirements. For example, Botvinick et al. clearly showed by correlative light and electron microscopy the precision of the laser nanosurgery technique.
The damaging effect applied to sever interphase microtubules (MTs) as well as mitotic spindles and centrioles was confi ned to the targeted structure, with very low if any affection of the neighboring cell environment (Botvinick et al. , 2004 ) .
In this section we will give an overview of the recent applications of the laser nanosurgery technique, which has proven to be versatile and applicable to many different targets. A vast number of applications range from cytoskeleton dissection to DNA damage and ablation of membrane bound organelles.
Microtubules
Cytoskeleton elements appear to be ideal targets for intracellular dissection. Indeed, the rigidity and instability of MTs and the elastic properties of actin fi bers result in a relatively low total energy deposited on the sample to achieve the surgery . The effect of nanosurgery on the microtubule lattice is very interesting. It has been shown that applying a pulsed laser on interphase MTs induces catastrophe in a reproducible manner and generates a new plus-and minus-end. These new tips behave as in normal MTs regarding their polymerization and depolymerization dynamics (Figure 1 A; Colombelli et al. , 2005 ; Sacconi et al. , 2005 ; Wakida et al. , 2007 ) . This observation qualifi es laser nanosurgery as an important technique for the study of the physiological behavior of MTs. Interestingly, Wakida et al. demonstrated that the position of MTs plays a crucial role for their depolimerization rate after nanosurgery. In particular, they showed that MTs located near the nucleus have a faster depolimerization rate then the peripheral ones, suggesting a physiological dependence of MT stability on the subcellular location .
Several studies addressed the forces exerted by different MT subsets in the mitotic spindle. For example, Aist and Berns reported in fungi a previously unexpected pulling force produced by astral MTs during spindle elongation (Aist and Berns , 1981 ) . More recent data (Spurck et al. , 1990 ; Grill et al. , 2001 ; Grill et al. , 2003 ; Khodjakov et al. , 2004a ; Tolic -Norrelykke et al., 2004 ; Tolic -Norrelykke et al., 2005 ) confi rmed the role of astral MTs in spindle positioning, elongation and alignment in mammalian cells, Schizosaccharomyces pombe (Figure 1 B) and Caenorhabditis elegans . Even the damage of one of the poles does not prevent the spindle elongation. Raabe et al. took advantage of the forces generated during mitotic spindle elongation in fi ssion yeast, S. pombe, to produce enucleated cells. Cutting spindle MTs close to one of the poles leads to asymmetric division where one daughter cell inherits the entire genetic material and the other one has no nucleus. This effect is due to the forces generated by the aster MTs that pull the poles apart (Raabe et al. , 2009 ) .
In a recent study, Stiess et al. (2010) reported the ablation of the centrosome in rat hippocampal neurons, demonstrating that the centrosome is not necessary for axonal outgrowth and elongation.
Actin and intermediate fi laments
Actin, the other major component of the cell cytoskeleton, is also suitable for laser nanosurgery approaches and it has been one of the fi rst application fi elds of this technique (Koonce et al. , 1982 ) . Severing actin stress fi bers (SFs) results in their rapid retraction due to the release of elastic forces exerted along the fi bers (Figure 2 B) and can be used to measure these forces for biophysical studies (Colombelli et al. , 2005 ; Heisterkamp et al. , 2005 ; Kumar et al. , 2006 ; . In particular, Tanner et al. studied the viscoelastic properties of actin stress fi bers in relation to their subcellular location. As shown previously for MTs , central and peripheral SFs have dramatically different elastic properties, although both behave as viscoelastic cables (Figure 1 C) . Peripheral SFs retracted with lower effective elasticity and higher apparent pre-stressed lengths compared to central SFs (Tanner et al. , 2010 ) . Interestingly, the release of these elastic forces during cytoskeleton severing can even result in the complete separation of the cell into two parts (Figure 2 B-C; T ä ngemo et al., 2011 ) as we will discuss later in further detail. Furthermore, it is noteworthy that the dynamics of the focal adhesion protein Zyxin have been shown to change upon stress fi ber release, indicating force dependent protein-protein interactions Colombelli et al. , 2009 ). These interesting studies open the possibility of a close collaboration between biophysics and biochemistry to investigate the interplay between force and signaling pathways. Another research area that can profi t from the application of laser nanosurgery is bleb formation. Blebs are membrane protrusions observed during several physiological processes such as migration, cytokinesis, cell spreading and apoptosis (Fackler and Grosse , 2008 ) . They are thought to be driven by the acto-myosin sub-membrane cortex. In a recent publication, Tinevez et al. showed that blebs are nucleated after laser ablation of the cell cortex, the meshwork of actin fi laments and associated protein that lies underneath the plasma membrane (Tinevez et al. , 2009 ) . Although the biophysical properties of MTs and actin fi bers have been extensively studied taking advantage of the laser nanosurgery technique, the third component of the cytoskeleton, intermediate fi laments (IF), has remained more elusive.
The recent discovery that cytoplasmic IFs play a central role for nuclear positioning (Dupin et al. , 2011 ) could be deepened by deciphering the forces involved. Furthermore, we believe that the relocation of the nucleus after laser ablation of the IFs could represent an interesting model to investigate their possible interplay with other components of the cytoskeleton (e.g., actin) and/or with mechanosensing proteins.
Chromatin
The generation of double strand breaks in chromatin using pulsed lasers has overcome the problems of exposing the entire cell to carcinogenic drugs or to high doses of ionizing radiation. It has been largely applied to the nucleus in interphase cells, which contributed to the unraveling of the molecular mechanisms underlying the recognition and repair of DNA breaks (Konig et al. , 1999 ; Rogakou et al. , 1999 ; Paull et al. , 2000 ; Tashiro et al. , 2000 ; Kim et al. , 2002 ; Celeste et al. , 2003 ; Lukas et al. , 2003 ; Bradshaw et al. , 2005 ; Chen et al. , 2005 ; Bekker -Jensen et al., 2006 ; Mari et al. , 2006 ; Ziv et al. , 2006 ; Dinant et al. , 2007 ; GomezGodinez et al., 2007 ; Mailand et al. , 2007 ; Sartori et al. , 2007 ) 
Membranes and membrane-bound organelles
The dissection of membranes is more challenging because of their fl uid nature. Nonetheless, many publications have shown the possibility to open holes in the plasma membrane to reversibly permeabilize cells. In this way, it is possible to introduce impermeable substances such as fl uorophores, dyes and nucleic acids (optical transfection) into the cytosol. This procedure has been applied with CW lasers to transfect cells (Palumbo et al. , 1996 ; Schneckenburger et al. , 2002 ; Paterson et al. , 2005 ; Nikolskaya et al. , 2006 ; Torres -Mapa et al., 2010 ) . CW sources, which rely on heating to increase membrane permeability, offer high post-transfection viability but low transfection effi ciency. The use of ns-and especially of fs-pulsed laser sources has overcome this problem (Stevenson et al. , 2010 ) . During irradiation with laser sources with very short pulse duration, a submicrometer-sized pore is transiently formed (lasting fractions of a second). This combines effi cient delivery of membrane impermeable substances and high cell viability (Tirlapur and Konig , 2002b ; Kohli et al. , 2005a,b ; Stracke et al. , 2005 ; Barrett et al. , 2006 ; Baumgart et al. , 2008 ; Uchugonova et al. , 2008 ) . Furthermore, when applied to plant cells, laser nanosurgery gives the possibility to dissect the cell wall in living tissues (Tirlapur and Konig , 2002a ) individual chloroplasts without compromising the cell viability. This fi nding paved the way for the ablation of other membrane bound organelles such as mitochondria in mammalian cultured cells (Figure 2 B ; Khodjakov et al. , 2004b ; Watanabe et al. , 2004 ; Shen et al. , 2005 ; Shimada et al. , 2005 ) .
Cellular dissections
Laser nanosurgery has not only been applied for intracellular ablations but also to dissect focal adhesions between Chinese hamster fi broblasts in culture to isolate single cells (Kohli et al. , 2005a ) or even to divide living cells in two parts (Yanik et al. , 2004 ; Hammarlund et al. , 2009 ; T ä ngemo et al., 2011 ) .
The latter examples all rely on the severing of cytoskeleton fi bers. In cells under intrinsic tension (e.g., neurons or cells grown on micropatterned thin lines), this results in progressive separation of two parts of the cell that eventually seal their plasma membranes to form two independent ' cells ' (Figure  3 B ). An example of this principle is illustrated in Figure 2 C, where a differentiated rat pheochromocytoma (PC12) cell undergoes nanosurgery to dissect a neurite and therefore removing the growth cone. The elastic tension of the neurite gives the force for the retraction of the two parts and for the complete separation of the growth cone from the cell body. In the same way, Yanik et al. and Hammarlund et al. were able to dissect neural axons in vivo in C. elegans exploiting their elastic stretching and studied nerve regeneration as well as the recovery of normal movement in the entire organism. Finally, T ä ngemo et al. separated the Golgi complex from living cells using micropatterned fi bronectin lines to displace the organelle from the nucleus and to induce tension because of the cell stretching along the elongated pattern (Figure 3 C) .
Laser nanosurgery on patterned cells: a promising application
As shown in the previous section, laser nanosurgery has been widely used in the last decade and has helped in answering important biological questions. The advantage of its nanometer-scale precision manipulation has been proven in its application in various model organisms and cultured cells. Some of the limitations of this technique have been overcome and show how this technique could be even further exploited when for example it is integrated with new developments in other fi elds. Recently, some studies have successfully performed laser nanosurgery on C. elegans in microfl uidic environments (Allen et al. , 2008 ; Guo et al. , 2008 ; Zeng et al. , 2008 ) opening the interesting possibility to achieve a much higher throughput for laser ablation and thus to perform experiments at even genome-wide scales ( even allow high-throughput applications of laser nanosurgery at the single cell level (Figure 5 A) as has been suggested for entire organisms in microfl uidic chambers (Ben -Yakar and Bourgeois, 2009 ). Furthermore, particular patterns could be used to segregate organelles in the cell periphery, therefore allowing their precise removal. In the following paragraph we will briefl y describe how nanosurgery and micropatterning have been integrated to answer challenging questions in cell biology and we will speculate about their perspectives and possible developments.
The fi rst example of laser nanosurgery on micropatterned cells was described by Kohli exposed Madin-Darby canine kidney (MDCK) cells in culture to a hyperosmotic solution to test their ability to induce optical poration with a pulsed laser. They took advantage of the reproducible shape of micropatterned MDCK cells to assess their viability and to quantify their volume expansion in response to the pore formation. The possibility of standardizing cell shape and intracellular organization to apply laser nanosurgery in a reliable way has great potential and could help to increase the effi ciency of this technique as well as to reduce the variability of the results (Figure 5 A) . These advantages could make the combination of the techniques desirable for several applications. A research fi eld that could for example take advantage of this combination is the study of the control of cellular size. It was previously shown that fi broblasts and epithelial cells have different cell size control mechanisms. Although fi broblasts acquire the same length when plated on different micropatterns, the epithelial cells are in fact longer when grown on elongated patterns (Levina et al. , 2001 ) . It would be interesting to compare the behavior of the two cell lines after laser nanosurgery to compare their abilities to re-grow to the initial size. The use of patterned cells would allow the reproducible removal of cell parts and a more meaningful and statistically relevant analysis of the results. Furthermore, the size and positioning of membrane bound organelles could be studied after partial laser-mediated removal. As discussed before, different studies showed the possibility to ablate chloroplasts and mitochondria (Tirlapur and Konig , 2002a ; Watanabe et al. , 2004 ; Shen et al. , 2005 ; Shimada et al. , 2005 ) but their subsequent biogenesis and spatial re-organization has not yet been addressed. Given the fact that organelle localization is emerging as a crucial determinant for signaling events and activation of different pathways (Korolchuk et al. , 2011 ) , research on organelle shape and spatial organization as well as their biogenesis could take advantage of laser nanosurgery and micropatterning to gain insights into topics that are otherwise diffi cult to address.
The reproducibility is not the only advantage of the application of laser nanosurgery on micropatterned cells. Other particular applications have already shown a fruitful co-operation of these two techniques. For example, in a recent publication Fink et al. demonstrated that the mitotic spindle positioning is infl uenced by the forces exerted by micro-environmental constrains. They seeded HeLa cells on micropatterned surfaces (rectangle or cross shapes) and manipulated mitotic cells by cutting retraction fi bers. They
BOX 1 Micropatterning
Micropatterns consist of spatial arrangements of extracellular matrix proteins produced to seed cells under geometrical constrains. In classical culture conditions, cells attach to homogenous adhesion substrates (plastic or glass surfaces) and therefore the particular cues of their organization in tissues are largely lost. In order to overcome this problem and to reproduce the mechanical constrains of cells in their microenvironments, micropatterning techniques have gained popularity in cell biology laboratories in the last few years. Indeed, particular patterns allow the reconstitution of tissue-like cellular organization (Thery , 2010 ) . The most widely spread technique used to generate patterned surface is microcontact printing. Extracellular matrix (ECM) protein patterns are printed on surfaces followed by backfi lling with polyethylene glycol (PEG) (Ruiz and Chen , 2007 ; Pouthas et al. , 2008 ) . Alternatively, UV-(or laser-) patterning methods use UV light and a photomask (or a laser) to degrade the PEG coating on the surface in a spatially controlled manner and then allow further binding of the ECM proteins on the illuminated areas (Belisle et al. , 2009 ; Azioune et al. , 2010 ) . The technical developments of micropatterning are not the primary interest of this review and have been comprehensively reviewed elsewhere (Folch and Toner , 2000 ; Whitesides et al. , 2001 ; Thery , 2010 ) . The principle of micropatterning is to obtain a non-homogenous substrate where cell adhesion is restricted and therefore cellular shape and internal organization can be reproducibly controlled (Figure 4 ) . A recent paper (Schauer et al. , 2010 ) shows the power of this technique, demonstrating that seeding cells on patterns with different shapes provides a very reproducible organization of intracellular organelles. Schauer et al. used a crossbow pattern to polarize RPE-1 cells and created density maps of different markers of the endo-and exocytic pathways. could observe spindle rotation when retraction fi bers were severed on one arm of the cross. It has been therefore proposed that the external forces exerted by retraction fi bers can bias the interaction between astral MTs and cortical actin, leading to the alignment of the spindle with the force fi eld (Fink et al. , 2011 ) .
Another advantage is the possibility to concentrate or displace organelles (Figure 5 B) . The observation of Schauer et al. ( 2010 ) that the distribution of the different markers is reproducible and dependent on the adhesion geometry represents a milestone for any possible development towards the design of particular patterns that could cluster and confi ne organelles and cytoskeletal fi bers in desired cell areas. Along this line, Pouthas et al. have shown that BSC1 (African green monkey kidney cells) cells seeded on 6 µ m wide fi bronectin lines acquire an elongated shape and are able to migrate along the pattern (Figure 3 A) . Interestingly, in a substantial fraction of these cells, the Golgi complex (GC) and the centrosome are It is possible that in the future the application of laser nanosurgery might lead to the removal of other single or low copy organelles to study their biogenesis (Figure 5 B) . The limitation of the number of organelles that could be studied with this approach could in principle be overcome by applying nanosurgery to patterned cells, where the organelles have been clustered in particular peripheral positions. Another possibility for higher copy organelles could be to remove only part of them. In this way, it would be feasible to study their re-growth and to determine the correlation between left organelles and the effi ciency of different cellular processes.
Our experience suggests that further technical developments are needed to optimize the volume of data that can be generated. The effi ciency of the laser nanosurgery technique applied to Golgi depletion was, for example strongly limited by the necessity to fi nd cells with the right GC displacement from the nucleus and the right intrinsic tension. The surgical procedure itself was sometimes harmful for the cells and all these limitations resulted typically in 1-5 successfully cut cells per experiment. To optimize the exploitation of each experiment, multi-labeling strategies could be developed. The possibility of observing many markers in the same cell would indeed strongly reduce the number of cells needed for a statistical analysis. It would also allow more insightful correlations of the expression level of different molecules (to create e.g., a temporal map of the arrival of different markers in a biogenesis process) and their quantitative comparison. Moreover, single cell gene expression analyses (Kurimoto et al. , 2007 ; Tang et al. , 2009 Tang et al. , , 2010 could be adapted to determine the changes in transcription in response to the (partial) depletion of certain cellular organelles and then possibly determine a temporal map of the transcriptional activation of certain genes. However, this interesting application has to face the challenge of isolating the cell(s) of interest from the culture dish. Interestingly, another laser -based technique could solve the problem. Laser pressure catapulting (LPC), a technique originally used in combination with laser microdissection, was developed to isolate single cells from tissues in a non-contact and contamination-free manner (Sch ü tze et al., 1998 ; Burgemeister , 2005 ; Vogel et al. , 2007 ) . With further optimization, Stich et al. demonstrated the possibility of applying LPC in culture dishes to isolate and transfer single cells (Stich et al. , 2003 ) . This development could be exploited, for example to determine gene expression analysis on cells after nanosurgical ablation or removal of organelles. An interesting point is that LPC is feasible with laser nanosurgery devices that could be used to collect single cells after treatment for further processing.
Conclusions
Laser nanosurgery is a very powerful method for cell biologists and its possibilities have only started to be explored. Many recently reported applications show its feasibility and its applicability to different systems and problems. One of the major limitations of this technique is that it is intrinsically low throughput and thus is diffi cult to achieve statistically relevant data. One way to overcome this problem (at least partially) in cell biological applications could be the combination of nanosurgery with micropatterning of cell substrates. This technique increases the reproducibility of cell shape and behavior and thus also the effi ciency of the nanosurgery experiment.
